Early preimplantation embryos are extremely sensitive to dysregulation of cell volume, which can lead to developmental arrest. It was previously shown that mouse embryos at the two-cell stage respond to a cell volume decrease by quickly activating Na + /H + exchange via a signaling mechanism that involves the tyrosine kinase Janus kinase 2 (JAK2). However, it was not known whether this mechanism is active at the one-cell stage, when embryos are most sensitive to perturbed cell volume. Na + /H + exchanger activity elicited by an induced cell volume decrease was significantly lower at the mid one-cell stage than at the late one-cell stage or during the two-cell stage. This activity could be completely blocked by the broad specificity tyrosine kinase inhibitor genistein at either stage, but only at the two-cell stage was there a substantial component of activity that was sensitive to low concentrations of the JAK2-selective inhibitors TG101348 or ruxolitinib. Western blots to detect active JAK2 phosphorylated on tyrosine Y1007/8 revealed that JAK2 became substantially phosphorylated in response to a cell volume decrease at the mid two-cell, but not mid one-cell stage. Such cell volume decrease-induced JAK2 phosphorylation appeared by the late one-cell stage. At least in part this appears to be due to an increase in total JAK2 protein at the late one-cell stage. Furthermore, TG101348 impaired maintenance of cell volume at the two-cell, but not mid one-cell, stages. Thus, cell volume homeostasis requiring Na + /H + exchange signaled by JAK2 first becomes prominent during mouse embryonic development at the late one-cell stage.
Introduction
Early preimplantation mouse embryos become arrested in vitro at the two-cell stage if they are cultured from the one-cell stage in simple media with an osmolarity above ∼300 mOsM [1, 2] , even though this osmolarity is similar to the 300-310 mOsM of their in vivo environment, oviductal fluid [3, 4] . Similar blocks occurred in other species at characteristic points in their preimplantation development, including human [5] , hamster [6] , bovine [7] , and rat [8] . Developmental arrest in mouse embryos cultured from the one-cell stage occurs at the very late two-cell stage (G2/M border) [1] . However, the damage is done at the one-cell stage since embryos cultured from the two-cell stage are much more resistant to increased osmolarity [1, 2] . This damage is not irreversible, however, since embryo development can be rescued by returning them to lower osmolarity medium before the point when they would have become arrested [1] . Because lowering the osmolarity of the culture medium eliminated or rescued the developmental block [2, 9, 10] , dysfunctional cell volume homeostasis was implicated, since osmolarity is intimately connected with cell volume regulation in animal cells, which control their volumes by actively adjusting the cytoplasmic concentrations of osmotically active solutes [11, 12] .
Upon a cell volume decrease, the initial acute recovery in most mammalian somatic cells is mediated by a rapid import of inorganic ions primarily via functionally coupled Na + /H + and HCO 3 − /Cl − exchangers [11, 12] . Decreased cell volume activates Na + /H + exchangers of the NHE (SLC9) family, primarily solute carrier family 9 (sodium/hydrogen exchanger), member 1 NHE1 (SLC9A1) [13] . This imports Na + while increasing intracellular pH (pH i ) due to H + efflux. The pH i increase in turn activates HCO 3 − /Cl − exchangers [14, 15] of the AE (SLC4) family, mainly solute carrier family 4 (anion exchanger), member 2 AE2 (SLC4A2) [16] , which import Cl -and oppose the pH i increase. The result is the coupled import of Na + and Cl -to increase intracellular osmotic pressure and restore volume without a significant net change in pH i . Such regulation of intracellular salt concentrations is adequate for housekeeping volume control in many cells. However, for some cell types, the level of inorganic ions needed to balance external osmolarity can result in a level of intracellular ionic strength that is detrimental over the long term, which is the phenomenon that underlies the developmental blocks in early embryos [2, 9, 10] . Such cells preferentially accumulate organic osmolytes-small, uncharged organic compounds-to provide intracellular osmotic support without disrupting cell physiology [11, 12, 17] . Preimplantation embryos require organic osmolytes for normal development from the one-cell stage and will not suffer blocked development in vitro even at osmolarities well above that of oviductal fluid when appropriate organic osmolytes are present in the medium ( [2, [18] [19] [20] , reviewed in [21, 22] ).
We previously showed that one-to two-cell mouse preimplantation embryos use a mechanism to control cell volume in which glycine is accumulated intracellularly as an organic osmolyte via the GLYT1 transporter solute carrier family 6 (neurotransmitter transporter, glycine), member 9 (SLC6A9) [20, 23] along with a secondary mechanism in which betaine (N,N,N-trimethylglycine) is accumulated via the SIT1 transporter solute carrier family 6 (neurotransmitter transporter), member 20A (SLC6A20) [24, 25] . Both mechanisms are apparently unique to embryos, since somatic cells do not utilize these transporters in cell volume regulation, instead using a different set of mechanisms for organic osmolyte accumulation [11] . Our current model, therefore, is that excess accumulation of inorganic ions occurs during acute cell volume homeostasis which then must be replaced with glycine (likely supplemented by betaine) to avoid damage to the early embryo.
We are focusing here on the mechanism of acute inorganic ion accumulation in response to decreased cell volume that is implicated in the deleterious effects on embryo development. We have previously shown that Na + /H + exchange is rapidly activated by a cell volume decrease in two-cell stage mouse embryos and that it is coupled to HCO 3 − /Cl − exchange [26] , which is the same mechanism used by somatic cells. It had previously been found, using Chinese Hamster Ovary (CHO) cells, that osmotic shrinkage activates the NHE1 (SLC9A1) isoform of Na + /H + exchanger through a signaling pathway that involves noncanonical signaling by the tyrosine kinase Janus kinase 2 (JAK2), which directly phosphorylates calmodulin that then binds to and activates NHE1 [27] . The rapid increase in phospho-JAK2 that occurs in response to decreased cell volume reflects phosphorylation of existing JAK2 protein without any change in the amount of total JAK2 [27] . We found that this mechanism is involved in the activation of Na + /H + exchange in two-cell mouse embryos in response to a cell volume decrease [26] . The upstream signaling pathway that senses decreased cell volume and results in JAK2 phosphorylation is essentially unknown [11] . There is some evidence that the nonreceptor tyrosine kinase Rous sarcoma oncogene (SRC) may, at least in some systems, be involved in JAK2 phosphorylation in response to decreased cell volume [28] , although we did not detect any effect of an SRC inhibitor on activation of NHE1 in two-cell mouse embryos [26] . Thus, the only part of the volume-sensing pathway that has been relatively well described in any cell type, including early embryos, is the JAK2-calmodulin-NHE1 cascade.
However, whether Na + /H + exchange mediated by NHE1 has a role in cell volume regulation and is regulated by JAK2 before the two-cell stage, during the period when embryos are most sensitive to increased osmolarity, remains largely unexplored. Here, we have examined the ability of embryos to respond to a cell volume decrease by activating NHE1 and the role of JAK2 in this process as the embryo develops from the one-cell to two-cell stage. Polyvinyl alcohol (PVA) was substituted for bovine serum albumin as the macromolecular component of the medium. mHEPES-KSOM (21 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-Hydroxyethyl)piperazine-N -(2-ethanesulfonic acid), HEPES replacing equimolar NaHCO 3 , pH adjusted to 7.4) was used for embryo and oocyte collection. Glutamine was omitted from mKSOM for cell size measurements (since glutamine is a low-affinity substrate of GLYT1 and thus could affect cell size). The osmolarity of the base mKSOM media was 250 mOsM (±5 mOsM). Medium osmolarity was increased by adding appropriate amounts of D-(+)-raffinose and osmolarity confirmed using a vapor pressure osmometer (model 5520, Wescor, Logan, UT). For pH i measurements, all but 1 mM Na lactate in mHEPES-KSOM was replaced with NaCl, PVA was omitted, and the 4 mM NaHCO 3 was replaced with equimolar NaCl to produce bicarbonate-free mHEPES-KSOM (0bicHEPES-KSOM). This medium was equilibrated with air.
Materials and methods

Chemicals and solutions
Collection of preimplantation embryos
Animal protocols were approved by the Animal Care Committee of the University of Ottawa, Faculty of Medicine. Embryos were obtained from female CF1 (Crl:CF1) mice (4-6 weeks old; Charles River, St-Constant, QC, Canada). To obtain embryos, mice were superovulated with equine chorionic gonadotropin (Merck Folligon, Intervet, Kirkland, QC; 5 IU intraperitoneally) followed 47 h later by human chorionic gonadotropin (hCG; Merck Chorulon, Intervet; 5 IU intraperitoneally). Immediately after hCG, the females were caged with BDF1 (B6D2F1/Crl) males (Charles River) overnight for mating. Embryos were removed from excised oviducts by flushing with mHEPES-KSOM at the following times post-hCG: mid one-cell embryos, 19-22 h; late one-cell embryos, 31-33 h; early two-cell, 36-38 h; mid two-cell, 42-44 h. One-cell embryos were freed from residual cumulus matrix by brief exposure to 300 mg/ml hyaluronidase, and fertilization confirmed by the presence of two pronuclei.
Intracellular pH (pH i ) measurements
pH i determinations were performed using a quantitative imaging microscopy system (ISee Imaging Systems, Raleigh, NC) as previously described [26] . Briefly, pH i was measured using the pH-sensitive fluorophore, SNARF-1, loaded intracellularly by incubation with its acetoxymethyl ester derivative (SNARF-1-AM, 5 mM, 30 min). pH i was determined in SNARF-1-loaded embryos using fluorescence ratio imaging at emission wavelengths of 640 and 600 nm with an excitation wavelength of 535 nm. The ratio of the two intensities (640/600), which is dependent mainly on pH i , was calculated by dividing the images after background subtraction. Calibration was performed using the nigericin/high K + method [30] . All measurements were performed in a temperature-and atmosphere-controlled chamber at 37
• C in air. To assay for Na + /H + exchanger (NHE) activation upon a cell volume decrease, pH i was monitored in a group of embryos recorded simultaneously and the medium replaced by hypertonic medium when indicated. This was done in 0bicHEPES-KSOM medium in air, which supports NHE activity but not that of HCO − /Cl − exchangers (AE). Under these conditions, NHE activation will be revealed by an intracellular alkalinization due to H + efflux [26] . The initial rate of alkalinization provides a quantitative measure of activity.
For most experiments, SNARF-1-loaded embryos were placed in the chamber, allowed to equilibrate for 10 min, and then baseline pH i measured for 10 min, after which the solution was changed to hypertonic medium and measurements continued as specified. Where inhibitors were used, the inhibitor was present for ∼30 min before introduction of hypertonic solution. When indicated (as "washout"), the medium was changed to the same hypertonic medium free of inhibitor. The initial rate of intracellular alkalinization after each medium change was determined in individual embryos by linear regression (Microsoft Excel) and reported as the increase in pH i per minute (pH U/min). Simultaneous measurements were made on groups of 9-13 embryos, with the mean response of these embryos constituting one independent repeat and three to seven independent repeats performed as specified in the figure legends.
Western blots
Embryos were collected and groups (30, 50 or 60 embryos per lane as specified in the figure legends) were lysed in sodium dodecyl sulfate (SDS) sample buffer with 40 mM phenylarsine oxide (PAO) and 100 mM sodium orthovanadate by boiling for 5 min, and stored at -80
• C until use. The proteins in the lysed samples were separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred onto nitrocellulose membranes at 4
• C. The upper part (>50 kDa) of the membrane was probed with antibodies as specified. The lower part (<50 kDa) was probed for Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a loading control. The membranes were blocked for 1 h at room temperature in TBST buffer (10mM Tris, 0.1M NaCl, 0.1% Tween 20, pH 7.5) with 5% skim milk (phospho-JAK2, GAPDH) or 2% enhanced chemiluminescence (ECL) blocking solution (JAK2). Membranes were incubated overnight at 4
• C with primary antibodies. All buffers and solutions were supplemented with 40 mM PAO and 100 mM sodium orthovanadate. The primary antibodies used were all rabbit IgG and are shown in Table S1 . After 3× wash in TBST, membranes were incubated with antirabbit IgG horseradish peroxidase-conjugated secondary antibodies (Table S1 ) for 1 h at room temperature in TBST with 5% skim milk and washed in TBST three times. Horseradish peroxidase was detected using the ECL (for GAPDH) or ECL Prime (phospho-JAK2, JAK2) detection systems (Amersham, Piscataway, NJ). Protein loading was verified by the detection of GAPDH. All experiments were repeated three to five times starting with independently collected samples, as specified in the figure legends. Band densities were quantified by using AlphaImager 2000 software (Alpha Innotech Co., San Leandro, CA). Individual band intensities were normalized by those of GAPDH where indicated.
Cell size measurements
As we have previously reported, the ability of embryos to maintain their volumes under physiologically relevant conditions can be ascertained by transferring them from normal 250 mOsM culture medium to 310 mOsM medium, which approximates that of their normal in vivo environment [3, 4] , and then monitoring their sizes at several time points [26] . Groups of 9-15 embryos at the mid one-cell or mid two-cell stages were transferred from 250 to 310 mOsM mKSOM. Micrographs were then obtained on an inverted Nikon Diaphot microscope with a 40× objective and Hoffman optics (Nikon Instruments, Garden City, NY) at 0, 20, 40, and 60 min. The embryos were returned to the incubator (37 • C, 5% CO 2 ) between each time point. Three independent repeats were performed for each treatment, and the data pooled, yielding 30-42 individual embryo measurements per treatment at each time point. For each one-cell embryo, two orthogonal diameters were measured, while for each two-cell embryo, the major and minor diameters of each blastomere were measured. Measurements were converted to microns using an image of a stage micrometer obtained with the same settings. Relative projected areas were calculated as the product of the two diameters. For two-cell embryos, the sum of the products calculated for each of the two blastomeres is reported. Relative areas were used as a surrogate for cell volume measurements to avoid the uncertainty introduced by estimating the third diameter that lies perpendicular to the plane of focus. However, where changes in relative volumes are discussed, volumes were assumed to be proportional to the calculated relative areas raised to the 3/2 power.
Data analysis
Plots were generated and statistical analyses performed using GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA). Data are presented as the mean ± standard error of the mean (SEM). Where error bars do not appear associated with a symbol, they were smaller than the symbol. For independent treatment groups, means were compared using Student t-tests (two groups) or analysis of variance (ANOVA) followed by the Tukey-Kramer post hoc test (three or more groups). For experiments where two treatment groups were compared over time, two-way ANOVA was used with treatment and time as factors. Where indicated, western blot densities plotted as a function of time were fit by linear regression and the probability of nonzero slope reported. In all cases, P < 0.05 was considered significant.
Results
Na + /H + exchanger activity elicited by decreased cell volume in one-cell vs. two-cell embryos When 250 mOsM medium (0bicHEPES-KSOM) was replaced with hypertonic medium at 350 mOsM to induce a cell volume decrease, an immediate intracellular alkalization was observed ( Figure 1A ). We had previously established that such pH i increases elicited by increased osmolarity reveal NHE1-mediated Na + /H + exchange activated by decreased cell volume [26] . Na + /H + exchanger activity was clearly induced at the late one-cell, early two-cell, and mid two-cell stages. There was also an increase induced in mid one-cell stage embryos, but only at a significantly lower level than at the late one-cell stage and in two-cell embryos ( Figure 1A and B) . Thus, an increased ability to respond to decreased cell volume by activation of Na + /H + exchange develops during the one-cell stage of embryogenesis, with total activity increasing by up to ∼2.5-fold after the mid one-cell stage.
Effect of tyrosine kinase inhibition
We previously showed that general inhibition of tyrosine kinase activity using a high concentration of genistein, a broad-spectrum tyrosine kinase inhibitor, completely and reversibly blocked Na + /H + exchanger activation elicited by a cell volume decrease at the twocell stage [26] . Genistein (40 μM) also completely and reversibly prevented the smaller Na + /H + exchanger-mediated pH i increase elicited in mid one-cell embryos (Figure 2 ), implying that tyrosine Mean rates of Na + /H + exchanger activity in the presence of genistein and after washout, as indicated at bottom. Each bar represents the mean of three independent repeats. Each repeat was calculated as the average rate of pHi increase of 9-11 embryos measured simultaneously. * P = 0.026, * * P < 0.0001 kinase activity is required for any activation of NHE1 by decreased cell volume in one-cell as well as in two-cell embryos. In two-cell mouse embryos [26] as well as in CHO cells [27] , JAK2 signaling is required for maximal activation of Na + /H + exchange by decreased cell volume. To determine whether JAK2 may also be involved in activation at the one-cell stage, we used TG101348 (SAR302503) and Ruxolitinib, both of which were developed as clinical JAK2-selective inhibitors and which completely inhibit JAK2 in the low micromolar range [31] . In two-cell embryos, both TG101348 and Ruxolitinib inhibited activation of Na + /H + exchange by decreased cell volume in mid two-cell embryos in the low micromolar range ( Figure 3A and B) . In contrast, Na + /H + exchange was not significantly inhibited in mid one-cell embryos within the low micromolar range. A small decrease in activity was seen in one-cell embryos with TG101348, but this was only statistically significant at the highest concentration ( Figure 3A ). JAK2 contains a number of tyrosine residues that are autophosphorylated upon activation. We previously showed that phosphorylation on Y1007/8, an established marker of activated JAK2 [32] , is not detectable in two-cell embryos under our conditions at standard osmolarity but is clearly present after a cell volume decrease [26] . Detection by western blot showed that Y1007/8 phosphorylation was essentially eliminated at the minimum concentrations tested at which each inhibitor had its maximal effect on Na + /H + exchanger activity in two-cell embryos ( Figure 3C ).
In two-cell embryos, therefore, approximately 45% of Na + /H + exchange was sensitive to each JAK2-selective inhibitor at a concentration where it abolished JAK2 phosphorylation, while one-cell embryos appeared to be resistant in the low micromolar range and have at most a small amount of Na + /H + exchange that is sensitive. We hypothesized that this could reflect, at least in part, diminished JAK2 activation at the mid one-cell stage compared to later stages.
Janus kinase 2 phosphorylation and expression
JAK2 became phosphorylated on Y1007/8 by 5 min after transfer into hypertonic medium, and it persisted for at least 15 min ( Figure 4A ). We also found that Y1007/8 phosphorylation was reversible, since two-cell embryos that had been exposed to 550 mOsM medium for 5 min and then transferred to normal 250 mOsM medium no longer had detectable phospho-JAK2 by 5 min after their removal from hypertonic medium ( Figure 4B ). Embryos exposed to 550 mOsM medium for such durations remained viable, since two-cell embryos transferred to KSOM embryo culture medium after 15-min exposure to 550 mOsM medium were able to develop into blastocysts (∼80%, data not shown). Thus, phosphorylation of JAK2 on Y1007/8 is a rapid and reversible sensor of cell volume in viable two-cell embryos.
Since the activation of Na + /H + exchange was lower in mid one-cell embryos than in late one-cell embryos or two-cell embryos (Figure 1 ), we sought to determine whether the extent of JAK2 phosphorylation might have a role in the increased response with developmental progression. Mid one-cell embryos exhibited at most a small increase in JAK2 phosphorylated at Y1007/8 (phospho-JAK2) when exposed to increased osmolarity to induce a cell volume decrease ( Figure 5 ). In contrast, mid two-cell embryos exhibited the expected substantial increase in phospo-JAK2. A small apparent increase in phospho-JAK2 in response to a cell volume decrease in mid one-cell embryos appeared to be present in each of the four repeats (e.g., Figure 5A ). It did not reach significance in the data set when tested by ANOVA with Tukey test for all four groups (designed to test the significance of the increase in phospho-JAK2 from the one-to two-cell stages), but did just reach significance if tested for an increase only within the one-cell stage (t-test, P = 0.042).
We then examined when during the one-and two-cell stages substantial JAK2 phosphorylation could first be elicited. Cell volume of mid one-cell, late one-cell, early two-cell, and mid two-cell embryos was decreased by exposing them to hypertonic (550 mOsM) medium for 15 min, and phospho-JAK2 determined by western blot. This revealed that phospho-JAK2 appeared in embryos by the late one-cell stage and then persisted through the two-cell stage ( Figure 6A and B) .
We next sought to determine whether the appearance of phospho-JAK2 at the late one-cell stage was due to increased total JAK2 protein expression. Although the available JAK2 antibodies that we screened proved to be suboptimal for western blot detection on small samples and required long exposures (producing weak bands and high background), we were able to detect a reproducible band at a position indistinguishable from that of phospho-JAK2. The results implied that mid one-cell embryos exhibit lower JAK2 expression than late one-cell and two-cell embryos ( Figure 6C and D) .
Maintenance of cell volume
Finally, we investigated whether JAK2 inhibition affected the ability of embryos to maintain their cell size. The relative areas of the cells of imaged one-and two-cell embryos were calculated at 0, 20, 40, and 60 min after they had been transferred from 250 to 310 mOsM medium, in the presence or absence of 1 μM TG101348. At the mid one-cell stage, there was no significant effect of the JAK2 inhibitor on cell size ( Figure 7A ). However, at the two-cell stage, the presence of TG101348 resulted in a significant decrease in mean cell size ( Figure 7B ). The average decrease in projected area at the three time points was ∼3.8%, corresponding to a calculated volume decrease of ∼7.5% (assuming volume is proportional to area raised to the 3/2 power) when JAK2 was inhibited. In contrast, the presence of genistein resulted in a significant decrease in cell volume at both the one-cell and two-cell stages ( Figure 7C and D).
Discussion
The mechanism by which mammalian cells recover from a volume decrease has not been fully elucidated for any cell type [11, 33] , but activation of the NHE1 isoform of Na + /H + exchanger by decreased cell volume has been established as a general mechanism common to many [13] . How NHE1 is activated upon a cell volume decrease is incompletely understood, but at least one mechanism of NHE1 activation is via JAK2 signaling [27] . We previously showed that JAK2 activity was required for maximal activation of NHE1 by decreased cell volume in two-cell mouse embryos [26] . Here, using a different set of JAK2-selective inhibitors, we confirmed that Na exchanger activity was inhibited when JAK2 was blocked, and again found that NHE1 was only partly inhibited in two-cell embryos even at the highest concentrations of JAK-selective inhibitors. This is also consistent with findings in other cell types, where multiple signaling pathways for NHE1 activation are implicated, of which only the JAK2-dependent pathway has been characterized [33] . In contrast to the two-cell stage, mid one-cell mouse embryos did not appear to depend substantially on JAK2 to activate Na + /H + exchange upon a cell volume decrease. Our results implied that JAK2 is much less active at the mid one-cell stage and that the ability of JAK2 to become phosphorylated in response to decreased cell volume first develops in mouse embryos only at the end of the one-cell stage. This is likely due to an increase in total JAK2 protein expression from the mid to late one-cell stage rather than increased responsiveness of pre-existing JAK2, although we were not able to find an optimal JAK2 antibody for western blots of preimplantation embryos, the data we could obtain ( Figure 6C ) were consistent with an increase in total JAK2 between the mid and late one-cell stages that paralleled the increase in phospho-JAK2. Any JAK2 protein synthesis in onecell embryos likely utilizes existing maternal mRNA, since the highest levels of Jak2 mRNA have been shown to be present in unfertilized mouse eggs and one-cell embryos, decreasing thereafter through the preimplantation period [34] . We found that mid one-cell embryos maintained their volumes identically in the presence or absence of the JAK2-selective inhibitor TG101348, but inhibiting JAK2 resulted in impaired cell volume maintenance in mid two-cell embryos. In contrast, genistein, the broad-spectrum tyrosine kinase inhibitor that blocked Na + /H + exchanger activity elicited by decreased cell volume at both embryonic stages, also impaired maintenance of cell volume at both stages. These results are consistent with our hypothesis that an unidentified tyrosine kinase-dependent mechanism contributes to cell volume homeostasis at both embryonic stages, but JAK2 only becomes significantly functional at the late one-cell stage and two-cell stage.
It is tempting to speculate that the unidentified signaling mechanism by which a low level of NHE1 is activated in mid one-cell embryos is identical to the JAK2 inhibitor-resistant component evident at the two-cell stage, since both appear to require tyrosine kinase activity as indicated by the complete and reversible inhibition by genistein. Thus, our current model is that some ability to activate NHE1 upon a cell volume decrease is present from the one-cell stage and is principally mediated by an unknown tyrosine kinase-dependent signaling mechanism, while an additional JAK2-dependent component becomes substantially increased by the end of the one-cell stage, considerably increasing the maximum inducible NHE1 activity. This is consistent with the effect of JAK2 inhibition on cell volume maintenance at the mid two-cell, but not mid one-cell, stage.
The developmental regulation of cell volume homeostasis is consistent with patterns previously discovered in meiotically maturing oocytes and early preimplantation embryos [22] . Na + /H + exchanger activity that can be elicited by a cell volume decrease is entirely suppressed during oocyte maturation, which permits the accumulation of glycine as an organic osmolyte unopposed by inorganic ion accumulation [35] . This glycine accumulation is mediated by the GLYT1 transporter which is initially activated in the oocyte when ovulation is triggered and meiotic maturation begins [36] . Na + /H + exchange activity then begins to increase in one-cell embryos starting after fertilization [35, 37] and can regulate intracellular pH, but at this stage there is still only a diminished ability to respond to a cell volume decrease. The large increase in responsive JAK2 at the end of the one-cell stage then confers a fully functional NHE1 response to decreased cell volume. Baseline intracellular pH, also mediated by NHE1, does not change during this period [38] , which further supports the hypothesis that the reason for suppression of Na + /H + exchange is related to its volume-regulatory function. The preimplantation embryo is extremely sensitive to decreased cell volume during the one-cell stage. We previously proposed that Na + /H + exchange is suppressed in oocytes during meiotic maturation and in the early one-cell embryo to prevent an overaccumulation of inorganic ions that would result in the characteristic developmental arrest at the two-cell stage [22, 35] . The suppression of the ability of NHE1 to fully respond to a cell volume decrease that results from the absence of substantial JAK2 signaling before the late one-cell stage is consistent with that model. Further investigations are, however, needed to elucidate the additional signaling mechanisms involved and the consequences of dysregulated cell volume homeostasis on the health of the embryo.
